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ABSTRACT

An attempt is made to obtain a set of ion-molecule reaction rates
and recombination coefficients consistent with recent mass spectromeétric
data obtained between 120 and 220 km, It is found that the daytime ion-

ospheric data at 130 km are explicable in terms of the processes

N2+ +0->N0" + X at 5 x 10710 cm3/sec
of + N, »n0* + ¥ at L x 10712 em3/sec
N2+ + 02 > 02+ + N2 at 2 x 10710 cm3/_ec
N2+ +0+0 + N, at 6 x 1072 cm3/sec
ot + 0, » 02+ +0 at U x 10711 cm3/sec
02+ +N,»NO" + MO < hx 101 em3/sec
N+ 0, * Not + 0 at 5 x 10710 cm3/sec
e+NOT >N O at 5,2 x 1077 cm3/sec
e + 02+ +0+0 at 1,2 x 10-7 cm3/sec

all in good agreement with the most recent laboratory data.
To -account for the ion densities at higher altitudes it is shown
that many rates must have strong temperature dependences; In particular

the 0% removal rates cannot increase with temperature and the N2+- 0




/

ion-atom interchange rate must decrease with increasing temperatuge{’ The
recombination coefficient for NO' decreases with electron temperature
as Te-l°h 201 Loy 02+ as about Te'1 and for N2+ as about Te-0°2o

To account for the nighttime ionosphere with the reaction retes
implied by the daytime data is shown to require that there be weak
sources of ionization above 180 km and below 140 km with rates of the
order of 5-10 ion pa.irs/cmB° The data also indicate that 02+, NO charge

exchange must be very rapid with a rate of the order of 5 x 10'10 cm3/sec.




1, INTRODUCTION

There now appears to be a consensus among laboratory experi-

(1,2)

mentalists that the rate of the charge transfer reaction

+ +
N2 + 02 > O2 + N2

10 cm3/seco* This large value

at 300°K is of the order of 2 x 10”
which is perhaps surprising on theoretical grounds is nevertheless all
but indispensable to account for the very high rate at which N2+ dis~
appears in the E region during the daytime. The only other effective
channel for removal of N2+ is through formation of No* in the ion-atom

interchange reaction

N2+ +0+not + N,

A very low rate for the charge exchange process would place a very severe
requirement on the ion~atom interchange reaction, This is a consequence

of the fact that the charge exchange with O

" o+ N, + 0+

N, 2

+
cannot be permitted to go very rspidly if the 0 removal in the reaction

*This note is a revised version of a paper which was prepared when it
appeared that laboratory messurements were yielding a value of

4 x 10'13 cm3/sec for this rate coefficiento(3) The earlier paper
attempted to show that this measurement was incompatible with ion-
ospheric data unless certain other rate coefficients were extremely
large, Copies of that paper in report form are available from the

author,




o++N2-» Not + N

=12

is as slow as the value (4 x 10 cm3/sec) on which laboratory measure-

(3,4)

ments have now settled, Since the laboratory data are also consistent
with the ionospheric requirement that the N2+9 0 charge exchange be slower
than 10~11 cm3/sec the recent agreement on the high value for the N2+, O2

charge transfer rate is very gratifying., Also encouraging the observation

(5)

+
that the N O ion atom interchange rate is very fast,

2 ]
These and a number of other important ion-molecule reaction rates

(1-5)

have recently been measured at room temperature, Increasingly

relisble values for the room temperature rates for dissociative recombin-

+ (6,7,8)

ation of N2+, O2 and NO* are being obtained also, Using these
values at 300°K as a basis it is interesting to determine what sort of
temperature dependence for reaction rates would be required for consist-
ency with recently obtained densities of ionic species in the E and F
regions;g' It is the purpose of this ncte to show that the laboratory
reaction rates are consistent with ionospheric conditions in the daytime
near 130 km where the gas temperature is not much higher than 300°, It
is the further purpose to extend the analysis to higher altitudes and
show within broad limits how these rates must vary with temperature to
be consistent with ionospheric observations up to 220 km in the daytime,
Although it will not be possible to fix on a single unique set of
temperature dependences a number of qualitative predictions will be
forthcoming. With regard to dissociative recombination rate coefficients
rather firm statements about temperature dependence will be possible,
The densities of the ionic species from 130 km to 220 km have

also been measured at nightﬁ» It will be shown that the altitude pro-

files of these densities cannot be accounted for by simple decay of



ionization via ion-molecule and dissociative recombination. In fact

the date will be shown to be explicable in terms of weak nocturnal
ionization sources in the E region and F region == in particular ioniza-
tion by electron impact. The nocturnal conditions also serve to select a
narrow range ;f possibilities out of the broad spectrum of temperature
dependences for reaction rates left from the daytime analysis,

An obvious gaveat should be entered before any comparison of
rates measured in the laboratory and those applicable in the ionosphere
is made, This is that the states of the ions and molecules observed
may not be the same in the two places. What is taken to be evidence
for temperature dependence may be in part evidence for a variation in
altitude and time of the relative population of states, It is also
necessary to bear in mind the large experimental uncertainties still
attach to most of the measurements under discussion, The time has
certainly not arrived for a definitive analysis, An observation most
seriously lacking, for example, is one that would give a direct measure-

ment of the total rate of ion production as a function of altitude,

2, IONIC CHEMISTRY

Prior to the publication of the latest series of laboratory
reaction rate measurements by the group at the National Bureau of
Standards(l*3i 5) and the ionospheric mass spectrometer observations at
NRL? several exhaustive reviews of the chemistry of the ionosphere have

been publishedo(lo°ll)

The basic chemistry is set forth adequately in
those pepers and will not be discussed here, To systematize somewhat the
notation atomic and molecular species, whether ion or neutral will be

designated by number, O or 0" being 1, Ny, 25 0,, 3; NO, h; and N, 5,




The ion-molecule reaction rate coefficients will be written (iJ,k) where
i denotes the ion before collision and k the ion afterward, For the
concentration [X] or N(X) the chemical symbol X will be employed and the
product of concentrations written X-Y to distinguish it from the symbol
XY for the molecule,

The following are the reactions which transform

o*:
o* + N, > N0" + N, (12,4)
o* + 0, » 02+ +0 (13,3)
+
5,
Ny, +0+0"+N, (21,1)
A Not + N (21,4)
+
N,' 40, >0, + N, (23,3)
nz* + 0, + NO* + NO (23,4)
Na* + NO » Not «+ N, (2h4,4)
+
02 H
02+ +N, > No' + N (32,4)
02+ + NO + NoO¥ + 0, (3k,4)
Nt
K +0 +0t+N (53,3)
27 Y2 »
N« 0, ot + 0 (53,4)

The dissociative recombination rate coefficients will be designated

o, for N2+, a3 for 02+ and ah for NO+° The ion production rates by photons

and photoelectrons will be written as Qio



Since the review by Paulson12

a large number of new determina-
tions of rate coefficients has been made, In this paper the following

values from the laboratory are adopted as guides for selecting rates

at 300°K,
(12,4) = & x 10712 em3/sec sl
(13,3) = & x 10711 em3/sec (13,1h)
(21,1) < 1 x 10712 cm3/3%(5)
(21,4) = 2 x 10710 ¢m3/sec(5)
(23,3) = 2 x 10~10 cms/%c(l,z)

(15)
(23,4) n 10714 em3/sec

(24,4) = 5 x 10710 cm3/sec
(16)
(32,4) v 10‘1“ cm3/sec
(34,4)
1
(53,3) =5 x 10710 cm3/sectlé)
(53,4) = 5 x 10710 cm3/sec
a, = 3 x 10~7 cm3/sec(6)
-7 3, (1)
oy 2 x 107! cm”/sec
(17)

@), 4-20 x 10-7 cm3/sec

The densities of the principal ionic constituents of the upper E
and lower F regions have recently been obtained mass spectrometrically

in the daytime and in the nightimee(g)

The results are shown in Table 1
at altitudes of 130, 1k0, 160 and 220 km., Because the sum of the ion
densities was less than the electron densities up to about 160 km where

0* began to be the dominant ionic species the measured values of molecular
ions were arbitrarily multiplied by a factor of 1,75 in the table, This

was done to render the calculation self-consistent and has no qualitative

effect on the principal deductions in this paper,



The salient features of the observations are the low values of
N2+ densities in the daytime and the near equality of 02+ and NO+ densities
at all altitudes, O becomes predominant above 180 km, At night the
persistence of No' at low altitude is striking., Only No* and 02+ are

+
observed below 200 km, While the density of 0 is low and virtually

2
independent of altitude up to 190 km, the No* density is very high near

+
125 km, decreases to a minimum at 170 km, then rises agein. The 0O

+
2

densities so that by 200 km, 0+. N0 and 02+ are equal in abundence,

density increases sharply asbove 200 km along with the Not and O

The appearance of a measurable quantity of 28+ above 200 km at night is
a8 surprise if it is ionospheric N2+ in view of the rapid removal processes
wvhich dispose of this ion in the day time,

There are also available now mass spectrometric values for the

densities of the neutral sPecieso(l7918’19’

These are tabulated in Table 1,
(20)

On the basis of these densities Zipf has reevaluated the rates of

photoionization, taking into account also the ionization by energetic

photoelectrons, His results for the ionization rates for the solar zenith

angle which existed at the time of the observations are also shown in the

table,
In the sbsence of significant diffusive flow
ﬁ— {Q.+(21,1) 8.F ° 0} - {(22,4) o*eN, + (13,3) 0% o0} (1)
a - §rel,l) N, - ' 2 3,3 o
+ L.
T 4 )] Noo ) + (23,4)] N°
—= = q,- [(21,4) + (21,1)] N,°0 + [(23,3) + (23,4)] N+0,

+ +
+ (2h,4) N,°NO + a, N,cNe (2)



+
do
- +o +0 - +° -
= "%t (23,3) X 0, + (13,3) 07°0, = (32,L) 07 °N,
(34,4) 03eN0 - a o;one (3)
+

dNo

———— +° +° +o
= (12,4) 0 N, + (21,4) N0 + (23,4) N, °0,

+ +, +,
+ (2h,h) N oNO + (32,k) Og°N, + (3h,4) 0,,°NO

+, «l-o
+ (53,4) N2 02 @) NO Ne (%)
One of these relationships may be replaced by

Qg = (ap K" + ay 0% + @, NO*) N (5)

3. THE IONOSPHERIC CONDITIONS: DAYTIME

In the steady state insertion of the observed ion and neutral
densities and Zipf's ion production rates into Eqs, (1-5) yields the
following relationships,

For N2+
at 130 km: 2[(21,4) + (21,1)] + [(23,3) + (23,4)] = 12,6 x 10™*° (6)
at 140 km: 3,1 [(21,4) + (21,1)] + [(23,3) + (23,4)] = 11,5 x 10710 (7)

at 160 km: 6[(21,4) + (21,1)] + [(23,3) + (23,4)] + 3 x lO'ha2= 19 x 10~10
(8)

at 220 km: 23[(21,4) + (21,1)] + [(23,3) + (23,4)] + 1.2 x 10~2 a,

= 41 x 107

(9)

10

For oF
at 130 km:28 (12,l4) + 2.8 (13,3) = (21,1) = 2,2 x 10~10 (10)

at 140 km:32 (12,4) + 2.9 (13,3) - (21,1) = 1.6 x 10~10 (11)



at 160 km: 66(12,4) + 5,3 (13,3) = (21,1) = 1.6 x 10”30 (12)
st 220 km: 192 (12,4) + 10 (13,3) - (21,1) = 1,9 x 10~10 (13)
For Not*
at 130 km: o = 1,70 x 10“(12,h) + 610(21,4) + 1,26 x 106(32,1h)
+ 1,15 x 102(34,4) + L2 (53,4)
(1k)
at 140 km: o) = 2.3 x 1oh(12.h) + 730 (21,4) + 3.7 x 10° (32,4) (15)
at 160 km: @, = 1.5 x 10°(12,) + 240 (21,4) + 2,8 x 10% (32,8) (26).
at 220 km: o) = 3,6 x 10“(12.h) +190(21,4) + 1,1 x 103 (32,4)  (17)
From £Q, =L a, N, N
rom IQ, =Ll a, N; N,
at 130 km: o), + 1.k a3 = 6,8 x 10~ (18)
st 140 km: a + 1,1 oz = 5.0 x 10~7 (19)
at 160 km: 1.6 a + oy + 0,02 a =2,1x 1077 (20)
—L AAA e - A - P - 1n-7 fAna\
[V XAV Iy TR {f G v O = Jeo A AV \ciy

The result, neglecting

130 km:(21,4) + 28 (12,4)
140 km:(21,4) + 32 (12,4)

160 km:(21,k) + 66 (12,4)

220 km:(21,L4) + 192(12,4)

130 km o

The N
2

It is also possible

h

P .
ER VY ) h g
N

+ R
and U

2

conditions may ve combined to eliminate {21,1),

(23,4) compared to (23,3) is

805 X 10-10

- 2,8 (13,3) - 0.5 (23,3) (22)
5.3 x 10710 < 2,9 (13,3) - 0,32 (23,3) (23)

= 4,8 x 10710 _5,3 (13,3) - 0,17 (23,3)-5x10"" o,
(2h)
3.4 x 10710 = 10 (13,3) - 4.3 x 1072 (23,3)

- 5.2 x 10-h o

. (25)

to rewrite the conditions (14-17) on @) to read

= 5,2 x 10”7 + 1,26 x 106 (32,4) + 1,15 x 102 (34,4) + 42 (5,34)

- 1.7 x 103 (13,3) - 3,05 x 10%(23,3)
(26)



140 kmi @, = 3.9 x 107 - 2,1 x 103 (13,3) = 2.3 x 10% (23,3) + 3.7

x 107 (32,4)  (27)
160 km: o, = 1,15 x 1077 - 1,34 x 10> (13,3) = 4o (23,3) (28)
220 km: &) + 0,1 , = 0,65 x 1077 = 1,9 x 10° (13,3) (29)

expressing the condition that the NO* loss rate must equal the sum of the
N; and 0+ formation rates less the principal loss rates for these ions
other than NO* formation. The values of (21,4) and (21,1) which are per-
mitted at three altitudes 130, 160 and 220 km are plotted as functions of
(12,4) in Fig. 1. (13,3) is treated as a parameter and (23,3) is taken

10 cm3/sec° From these curves it will be seen

to have the value 2 x 10~
that at 130 km it is possible to explain the ionospheric data with the
reaction rates obtained in the laboratory except that (21,4) must be of
the order of 5 x 10-*0 cm3/sec if all of the other rates have their lsbora-
tory velues, Considering all of the experimental uncertainties this nas

to be taken as an excellent accord between ionospheric and laboratory

measurements,

The set of rates

(21,4) = 5.2 x 1070 em3/sec
(12,4) = b x 10712 cm3/sec
(23,3) = 2 x 10710 cm3/sec
(21,1) = 6 x 20”22 em3/sec
(13,3) = L x 10711 cm3/sec
(32,4) = b x 10'lh cm3/sec

(53,4) = 5 x 1010 cm3/sec

then determine the recombination coefficients



10

T 4 1,15 x 202 (34,4)

a), = 4,6 x 10°
a, = L6 x 10~T - 80 (3h,4)
at 335°K,
As the altitude and temperature increase it is apparent that the

data call for a large variation in some of the reaction rates if the

ionospheric measurements are valid and if photons and their secondaries

~are the only sources of ionization. The upper limits to various rates

at 220 km are

(13,3) < 3.4 x 1071
(21,4) < 3,4 x 10710
(12,4) < 1,8 x 10712
ah < 0,65 x 10~7
ay < 1,05 x 10”7

All of these are less than the values at 300°, In Fig. 1 the case
represented at 220 km is for the limiting case of negligible contribu-

+ ;
tion by a, to the N2 loss rate, It is clear that even under such an

8

2

extreme circumstance (a2 <2 x 10°° cn3/sec) both (21,b4) and (12,L) must

decrease considerably from the values at 300°K unless (13,3) has been

11

reduced to less than 10 cm3/sec° Even a modest decrease in (13,3) to

1

3 x 10711 cm3/sec would entail a decrease in (21,4) to at most

3 x 10~12 cm3/sec (accompanied by a decrease in (12,4) to about
14 13

5 x 10° cm3/sec

cm3/sec) or a decrease in (12,4) to at most 2 x 10
(whereupon (21,4) would be about 3 x 10'12 cm3/sec)° In any case such
a high value for 0+ removal by charge exchange with 02 at 220 km would
imply that o* replenishment through charge exchange of N2+ with 0 (21,1)

must be faster than 10'lo cm3/sec, i.e, that (21,1) must increase rapidly



11

with temperature., This restriction would be even more severe if a, were

of the order of 1077 cm3/sec°
To permit (13,3) to be b x 1071 cm3/sec and (1,24) to be
8 x 10'12 cm3/sec at 920°K as some laboratory experiments suggest
(provided the states of ions and molecules are the same in the laboratory
and the ionosphere and the cross sections do not oscillate between 0.25 eV

and 1 eV) would mean that conditions (25) and (13) have to read

10 10 L

(21,4) = 3.4 x 1077 - 19 x 107 - 5.2 x 10

e, (30)

and

-1

(21,1) = 17 x 20720 cn3/sec (31)

It is difficult to believe that the rocket measurements of ion and neutral

densities and the calculation of ionization rates could accumulate errors

‘of the order of 600%, It should be recognized that the difficulties con-

fronting acceptance of a rate of 0" removal as fast as 8 x 10712 cm3/sec
at 220 km are really a consequence of the fact that o' has become the major
ion at that altitude, And the low N2+ densities which would lead to the
absurd condition (30) are confirmed by optical observations of the 3914 A
dayglow.(zl)
Thus although the conditions at 140 km and 160 km would tolerate
a fairly large range of possible temperature variations, (particularly if
factors of two uncertainties in observational parameters are kept in mind)
it is difficult to avoid the conclusion that at 220 km and 1000°K (13,3)
(12,4) and (21,4) must be considerably less than at 300°. Only (21,1)
might be larger. The results are not sensitive to the value of (23,3) at

the higher altitudes,



12

To attempt a quantitative evaluation requires that a, be known at

220 km where the electron temperature is probably in excess of 2000°K.
The only way to estimate this coefficient is to compute values of a),

and a3 at lower altitudes where all rates are insensitive to u2 and then

assume that the temperature dependence set in evidence prevails all the

way to 2000°K, From the extrapolated values of ay, and a3 the value of o,

at 220 km is determined from Eq, (21),
According to Eqs. (26-29) ay surely decreases rapidly with electron

temperature. A specific temperature variation may be determined by assum-

1l

ing some variation of (13,3) with altitude starting at 4 x 10~ 1 em3/sec

at 130 km and computing a) from (26-29), For four different models in

11 11

which (13,3) ends up respectively at 3 x 10'11, 2x10777, 1 x10  and

11 cm3 sec at 220 km the resulting variation in a) and a is shown

3
in Fig, 2s The point plotted at 220 km are really for a) + 0,1 50 It is

0,7 x 10~

evident that @y alone tends to follow a power law dependence on Te some=
1.‘-1.3 - _-ln6 — - o == N Y ° ~ s ~
T and T . The less rapidly (13,3) is assumed to decrease

the more rapidly @) decreases with temperature, Only the case in which (13,3)

1 1

changes from 4 x 107t cm3/ sec at 130 km to 0,7 x 10~+% em3/sec produces

something close to a smooth power law variation in aq as well as @) 0 In
this case o), extrapolates to 0,3 x 10-7 cm3/5ec at 220 km, from which it

would follow that o, is 2,1 x 10'7 cm3/sec there and o, is 0,33 x 10-7 cm3/sec.

2

a, would vary then as 72, o, &s 7™ ana o, es T

For this kind of variation of (13,3) with altitude the range of

3
-lo h3

permissible values of (21,4), (21,1) and (12,4) can be determined (even
at 220 km taking 02 to be 2.1 x 10"7 cm3/sec there), The extreme available
limits as well as one sample possible varistion are shown in Fig, 3 for this

case, The results show that both (21,4) and (12,4) decrease rather sharply




13

with increasing temperature, If (21,1) rises with temperature the
decrease in (21,4) will be minimized, although it is still at least
tenfold, while that of (12,4) is maximized,

Any increase in the rate at which o* is converted into 02+ at
high altitude to conform to a slow decrease or an increase of (13,3) with
temperature will result in much more dramatic temperature variations in
(12,4), (21,4) and, as already noted, the recombination coefficient @y
For example if (13,3) were 3 x 10"} cm3/sec at 220 km @), + 0.1 a, would
ve 8 x 10~ cm3/sec, a, would be 9,5 x 1078 cm>/sec and the possible
range of (12,4)(214) and (211) would be as indicated for this case in
Fig. 1. The largest possible value of(124)would be 2.1 x 10713 cm>/sec,
Basically the reason for this result is that the production rate of ot
is so low and its density so high that a high rate of removal by charge
transfer to 0, constrains the auxiliary production of 0+ from N?+ (21,1)

2
to be very high and the loss rate in NO+ production to be low., (It also

3 : < -+ 5 P . L P PP S .
-leads to soO much U2 production that tihe recombination coeificient a., for

3

+ +
0, must be high and those for NO' and N, low,) In turn the high rate

+

of N2+ loss in N2 s O charge transfer leaves no room for a high rate of
+ +

N2 loss in the N2 s O interchange reaction,

To double the ion production rates at 220 km would permit (13,3)

11 0

to be of the order of 4 x 10~ cm3/sec, (21,4) of the order of 2 x 1071
cm3/sec but still would leave (12,4) no higher than 10712 cm3/sec° Thus
values for (12,4) of the order of 8 x 10"12 cm3/sec at 1000° especially

11 cm3/sec would

combined with values of (13,3) well in excess of 10
pose a very serious dilemma implying as they do that the calculated o*
production rate is an order of magnitude too low or that 0+ is & minor

ion in the F2 region,




1k

In passing it may be noted that to argue that because the NO+

+
density follows the N2 density above 160 km the reaction between N2 and

(9
0 cannot be important in forming NO+ is based on several assumptions,
For one thing the possibility that the reaction rate coefficients are

temperature dependent could mean that this reaction is important in one

altitude regime and not in another, For another if

the No* density will follow N_ density only under the fortuitous cir=-

2
cumstance that (12,4) and o have the same altitude dependence in a

region where ion temperature and electron temperature are changing in

radically different fashions with altitude,

4, THE IONOSPHERIC CONDITIONS: NIGHT TIME

The ratio of the day to the night densities of ionic species
measured in the NRL experiments is displayed in Table 2, Above 200 km
a most remarkable result is that which shows the presence of an ion of
mass 28 some 2 x th seconds after sunset, If this ion is N2+ and is
atmospheric its persistence can be explained but only on the basis of
an influx of N2+ either through transport or through ionization, N2+
is removed too rapidly by ion molecule reactions and dissociative recom-
bination judging by its low daytime densities to decay by a factor of
only 50 in 2 x 10h seconds if these same processes are active at night
and Q2 is zero, This slow decay would demand a decay constant of only

5 x 107" sec™! which would require

I

[(21,4) + (21,1)] 0 + [(23,3) + (23,4)] 05 + &, N, =5 x 10° (32)
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or

[(21,4) + (21,1]] + 3 x 1072 [(23,3) + (23,4)] + 2 x 107 a, = 10722

(33)
where, in the daytime at 220 km

L 0

(21,4) + (21,1) + kb x 1072[(23,3) + (23,4)] + 5.2 x 10™ a, = 1.8 x 1074

a factor of 200 higher than the nocturnal requirements,

+
What seems to be needed is a production of N, ions by some

2

mechanism at a rate 2 x 10"2 times the daytime rate, or
Qb (night) = 6 ion pairs/cm3 sec,

Comparable ionization rates for O and 0, are alsc required to account for

2

* and No* densities in the F region., If diffusion is neglected

2

+ + .
the ratio of 0 to N2 densities in the steady state is given by

the 0%, 0

+
2___5 Ql/Qz{[(al,h) + (21,1)] 0 + (23,3) 0, + a, Ne§ + (21,1) 0

+ (34)

— -~V e

N, ({i2,44) + {13,331 §,

This ratio is observed to increase by a factor of 7 from night to day while
Ne changes by a factor of 100, Ql and Q2 are equal during the daytime, If
it is assumed that Q2 is twice as large as Ql at night - as it would be for
electrons of a few hundred electron volts -- then what is required to explain

the diurnal variation in the 0+/N2+ ratio is

2 [(21,4) + (21,1)] 0 + (23,3) 0, + (a2 Ne)day + (21,1) 0
= 7 [(21,4) + (21,1)] 0 + (23,3) 0, + (a, N )p; e + (21,1) O (35)

or, with (Ne)day = 100 (Ne)night

5 [(21,4) + (21,1)] 0 + (23,3) 0, + 6 (21,1) 0 =193 (o, N )pyon¢

(36)
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3

Since Ne is 5 x 10 electrons/cm3 the requirement becomes

Q
1}

5 x 10'6 (21,4) 0 + 1,1 x 10~ (21,1) 0 + 5 x 1076 (23,3) 0,
or |

3.7 x 105 (21,4) + 8,2 x 103 (21,1) + 1.7 x 10° (23,3) (37)

Q
[}

If the night time temperature at 220 km was of the order of 750°
then there are compatible values of a,, (21,4) and (21,1) in Figs. 2 and 3

satisfying this requirement, For example

1]

o 2.6 x'lo'T cm3/sec

2
(21,4) ¥ & x 107 em3/sec
(21,1) = 1,5 x 1073 cm3/sec
(23,3) ¢ 1x 107 cm3/sec

at 750°, With such rates it is the decreased electron density coupled
with a higher ionization efficiency for N2 than for O which could account

+
for the high ratio of N,® to 0’ at night.

2

+ +
02 and NO+ exhibit an even greater persistence than N2 (and 0+)

+
at 220 km. This may be a consequence of the fact that both Not and 02 feed

on ot and N + but decay by dissociative recombination involving the reduced

2
electron densities at night,

+ +
+ (13,3) 0°°0, + (23,3) N, °0, + Qg

o, = (38)
ay Ne + (32,4) N2 + (34,4) NO

+ .  +
Since O /N2 is of the order of 60 at night the first term in the numerator
will dominate the second unless (13,3) << 107t (23,3). This term changes

by a factor of 360 from night to day while Ne only changes by two orders
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of magnitude, The increase in (13,3) is by about the same factor as that
+

in a3. Thus a change in the 02 density by a factor of four is to be

expected, provided Q3 in the day is considerably smaller than the other

two production terms, In fact it is less than about 20% of these terms.,

Similarly for NO¥

o = {(12,b) 0%eN, + (32,8) 0,7eN, + (21,4) N2+°O + (53,&)N+°02(3h,h)02+°N0
+ (2b,L)N3 N0}/ o, N,
(39)
A change by a factor of 6 from night to day in the presence of a hundred
fold increase in N, could be a consequence of the dominant role of the
first term in the numberastor, The o* density increases by a factor of
360 while the rate (12,4), according to the temperature variation adopted
in Fig. 3, is cut in half going from night to day, leading to a 180 fold
increase in the numerator, On the other hand, N, increases by two orders
of magnitude while a), is cut down by a factor of i/5., This gives an
increase in NO¥ density by a factor of 9 which is certainly close enough
to 6 for the purpose of this paper. Qualitgtively the greater amplitude
of the NO* variation is a consequence of the fact that @), is more strongly
temperature dependent than a3,
Hence, without regard to the effect of diffusion in controlling
ion densities ip this region, the og* peak can be explained as an N2+
peak and the other ion densities also accounted for on the same model
of reaction rates and their temperature dependence used in the daytime
if there is a nocturnal ion source producing something between S5 and 10

3

ion pairs/em” sec at 220 km, On the basis of 35 eV per ion pair this

10 3

calls for an energy deposition of only about 3 x 10" ergs/cm” sec or
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3

about 2 x 10~ ergs/cm? sec if the lower limit of ionization from this

source is at 180 km. This is below the acceptable upper limit according

o
(22) It would result in a 391LA emission rate of

to argumeﬁts by Dalgarno,
about 1.5 x 10-2 photons per cm3 per sec or about 10'1 Rayleighs, To
penetrate only to 180 km electrops would need a few hundred electron volts
of kinetic energy initially,

In the region around 160 km on the other hand it is possible to
account for the nocturnal densities on the basis of a straightforward

+ +
conversion of o* ana N, to 02 and No* and subsequent dissociative recom-

bination., No ionization source is required, In 2 x th seconds the

electron density is reduced from about 1.5 x 105 per cm3 to about 500 per
cm3v From the relationship
1 1
—= - + at Lo
N, N (0) (1)
e

this decay requires an average recombination coefficient
a® 1x 10-7 cm3/sec° (k1)
This agrees very well with the daytime condition
1.6 ay + a5 = 2,1 x 1077 cm3/sec (k2)

In terms of the behavior of the individual ionic species the

-+
decay of 02 follows the law

a0y,
== - [(2,0) + ey N 0y (43)
If
. Ne(O) (h0)

¢ 1+cN (0t
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the solution of the differential equation for 02+ is

+ -(32,4) N5 ¢
‘ 0, (0} e
0, = (45)
/a

¢3
(1 +a Ne(o) t)

In 2 x 10h seconds 02+ is down by a factor of 440 from its initial value,

so it is required that

a3/a 14
300 exp [2 x 107 (32,4)] = kko , (46)
Hence unless ag << o it is required that at 160 km
- 3
(32,4) < 107 cn’/sec . (47)
=14 3 -7 3
If (32,4) is 10 cm”/sec, a3 is 0,73 x 10 cm”/sec. The upper limit
on oy is 1,07 x 1077 cm3/secc
For NO+
+
0, NO©
Q= Q, w— ot Q — (48}
3 Ny 4oy
e

or

-7

a = ,16 ay + « 84 ¢, =10 cm3/sec (L49)

If oy is 1,07 x 10”7 cm3/sec, a 15 1 x 1077 em3/sec o It a, = 0,73 x 10~7
cm3/sec, @) is 1,05 x ZI.O'7 cm3/sece According to the asdopted model the

average nighttime values for n. and @), at this altituae are about

3
0.8 x 10! and 1.4 x 10°7 cm3/seco

On the other hand, at lower altitudes the curious fact is that,
whereas 02+ decays in approximately the same fashion from 160 km to
130 km, the no* density remains high below 140 km and exhibits a peak

near 130 km, The day to night ratio of No* densities decreases all the
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way from 160 km to below 130 km. Although it is possible to argue that
this behavior indicates that a) increases with increasing temperature the
behavior of o), in the daytime does not show such a tendency =-- quite the
contrary, To postulate a source of ionization specific to NO is not
satisfactory, For one thing no adequate mechanism seems to exist, The

ionization rate required is given by the relationship

Q, = ay Ne2 = 10 ion pairs/cm3 sec (50)

if «) is 5 x 10”7 cm3/sec° Nightglow Lyman o can ionize NO which has

a density in this region of the order of 107 per cm3 according to Bartho(23)
However, calculation shows that only 3 x 10'2 ions/cm3 would be produced
every second by this source, No meteoric ions can charge exchange with

NO at low energy, Furthermore, there is also too much 02+ to be accounted
for on the basis of simple nocturnal decsy by recombination, As Holmes

et al have pointed out, in the presence of an electron density greater

+

than 10” per cm” the 0, density would have uecrease

nee et e 13
al’ Ge84lw wig

H,

vo

£

150 ions/cm3 observed 6 hours after sunset if u3 is of the order of

10'7 cm3/sec and all Qi’ except perhaps Qh’ have vanished. For then

+
ao0
2 _ +,
-E;- = - o 02 Ne (51)
d Ng
———— = Q).} - QO Ne2 (52)
dat
vhich give
+ + _ , .
0," =Q, (0) exp[-a ] N (') at') (53)
o
and
2 Nel e0
N (t) = - XN (54)
e -kt =kt el
Neo(l-e ) + 2 Nel e
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where

Ny = Yo /a (55)
and

k=2% o =28 a. (56)
These decay lafs show that

0, = 02+(0)e-20 (57)

at 2 x th seconds, Hence it appears necessary to postulate a source

of ionization below 140 km which can produce O * as well as No* ions,

2
The steady state versions of Eqs, (1-4) at 130 km are,

. 9 +2.2x100 K7 (21,1)
0 = % (58)
1.1 x 10-°[10(12,4) + (13,3)]

Nt = % (59)
2 1.2 x 1010 (21,4) + 1.1 x 1010 (23,3)
Tx10% ay+ 1.7 x 1013(32,4) + 1.5 x 1079(34,4) = @ + 1.1 x 1010
[(23,3) N2+ + (13,3)0"] (60)
1073 o) =5 (12,8) 0" + (21,4) N, + 0.5 (53,4) ¥* (61)

where all clearly trivial terms have been eliminated,
Taking the same set of rate constants that were used for the
daytime ionosphere at 130 km these conditions on the Qi and the N *

2
and ot densities mgy be written as

+ +
009 0 - Ql + 002 Nz (62)

[6 + (23,3) x 101°] N,* =, (63)
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0.9 + 1.5 x 10°(3h,b) = q  + (23,3) 200 K," + 0.4 o° (64)

0,04 0F + N2+ (65)

-t
[}

The N+ conﬁribuxion has been neglected but would need to be restored if
N+ is comparable to N2+ in density,

If charge transfer between 02+ and NO does not make an appreciable
contribution to 02+ loss and NO+Again and the rate of N2+ transfer to
0, is of the order of 10"10 cm3/sec it is difficult to reconcile these
conditions with reasonable ratios of primary production rates, They
leave no room for Q3 in (60), that is for any 02+ production other than
the ion molecule reactions, Considering the uncertainties in the data
this discrepancy cannot perhaps be régarded as grave, However, taking

the observations at their face value, it would be more comfortable if

+
2 L
of 5 x 10710 em3/sec at 300°K, In that case the relationships (62-65)

the O NO charge exchange should turn out to have a rate of the order

would be satisfied by

N, = lem™3

0" % 1cn3
from (61),

Ql = 0,7 em™3 seet
from (58),

Q2 =T em™3 sec™!
from (59),
and Qq ¥ 0,3 en™3 sect

from (60),
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Where the ratios of the N,; 0 and O, densities are

2

10:2,231
the corresponding primary ion production rates are
2032,331

indicating twice as great an efficiency for N2 ionization as that for
02 and 0O,

As was the case above 180 km this ionization could be by electrons,
this time with kilovolt energies, and the excitation of the nightglow

first negative band system would remain below observable limits,

5. CONCLUSIONS

Recent mass spectrometric determinations of the abundance of
ionie species in the ionosphere are consistent with laboratory
measurements of ion-molecule reaction rates and recombination coeffi-
cients at 300°K, As the altitude and temperature increase the observa-
tions call for decreésing rate coefficients in all important cases
excebt, perhaps, the rate for N2+, 0 charge transfer, In particular

it appears to be necessary that the dissociative recombination coeffi-

=1,4 2 0,2

cient for NO+ decrease as Te vhile that for 02+ decrease

+
more slowly, It is probable that the coefficient for N2 decreases

very slowly with temperature. The rates for Né*, 0 and O+, N2 ion

atom interchange and for 0+, 0, charge transfer all must decrease with

2
temperature to be compatible with the ionospheric data,
The mass spectrometric data for the night=time ionosphere are

consistent with the same gset of reaction rates with their tempersture
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dependences deduced from the deytime observations, However, this is
true only if weak primary ionization sources are present. One of these,
perhaps involving electrons of a few hundred electron volts, causes ioni=
zation at a rate of 5«10 ion_pairs/cm3 sec above 180 km, The other source,
again possibly electronic, would produce about 10 ion pairs/cm3 sec near
130 km at night, In the latter case it appears likely that the conver-
sion of 02+ to No* by charge transfer is s very efficient process,

These conclusions are based on a recalculation of the ionization
rates by photons and photo-~electrons using recent information concerning

the composition of the neutral atmosphere, A direct measurements of this

primary rate would be most desirable,
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Altitude
Avkm

130
1ko
160

220

Altitude
km
130
140
160

220

Altitude
km
130
1ko
160

220

Table 1

Daytime Ionic Densities in cm™3

+ + +
(1) o (2) u} (3) o,
8,5 x 10° 1.5 x 102 6.2 x 10%
8,5 x 103 1.5 x 102 6.2 x 10"
3.3 x 20 1.13x103 6,1 x 10
b x10° 1.7 x103 1.2 x 10%
Ionization Rates
in ion pairs/cm” sec
%
To3 x 10° 2.1 x 103
8,9 x 102 2,0 x 103
7.7 x 10° 1.5 x 103
2,5 x 10° 2.3 x 10°
Neutrel Densities
in Rarticleslcm3
(1) o (2) X,
2,2 x 1019 1.1 x 101t
1.2 x 1019 4,3 x 1010
4.2 x 10° 9.3 x 10°
705 X 108 6ol X 108
Table 1.

(%) no*
4,5 x 10
hos x 10

10

I
L

5

1.7 x th

3

8.5 x lO2

T.1 x 10°

3.0 x 102

20b x 41U

(3) 0,

1.1 x 1019

3,9 x 10°
T x 108

3.3 x 107

Nt

2 x 10

2 x 103

(k) NO

1.6 x 107

Ionospheric and Atmospheric Data in the Daytime,

Ne
1.1 x 10°
1.3 x 10°
2 x10°

¥ x 10°

T °K

335°
Luo°

620°

937°

Measured

densities for diatomic ions have been multiplied by a factor of 1.75. Qi

are for 30° solar elevation,



Table 2

Nighttime Ionic Densities and Ratio of Day to Night Densities in cm™3

Altitude + + + +
km (1) o Ratio (2) N2 Ratio (3) 0, Ratio (L) NO Ratio
130 1,6x102 400  5.2x103 9
140 1.4x102 Lo 4 x10° 1k
160 1.5x103 LS 1.4x10°2 Lo 8 x10° 115

220  1.8x10 360 35 50 2.1x203 4.1 3 x103 5.9



(1)
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(3)

(%)

(5)

(6)
(1)

(8)
(9)

(10)

(11)

(12)

(13)

(1k)
(15)
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Fig. 1,

Fig., 2,

Fig. 3.

FIGURE CAPTIONS

+

Reaction rates for N2 + 0+ No" + N ana N2+ + 0~ 0+ + N2
plotted against the rate for ot + N2 -+ NO+ + N for various
values of (13,3), the rate of o + o, » 02+ + 0 expressed

=11

in units of 10 cm3/secﬁ

Required dependence of various reaction rates on gas temperature
for the indicated variation of (13,3) with temperature. Self

consistent curves are labeled with the same letters,

Dependence of recombination coefficients on electron tempera-
ture for various assumed values of (13,3) at 220 km expressed
in units of 10711 cm3/sec° High temperature point is really
a) + 0.1 a2° Power law extrapolations of rate coefficients are

also shown,
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